The cerebellum is known to support motor behaviors, including postural stability, but new research supports the view that cerebellar function is also critical for perception of spatial orientation, particularly because of its role in vestibular processing.
The pull of gravity is a dominant feature of the natural environment. For terrestrial organisms of significant mass, simply moving about and interacting with the environment depends on motor behaviors that must effectively counteract the pull of gravity. So, it makes sense that signals from the vestibular system that carry sensory information about the direction of gravity's pull are fed directly to the cerebellum, a brain area that is known to support motor control, adaptation, and learning. A range of neurophysiological studies have demonstrated that the cerebellum plays an important role in vestibular processing, and cerebellar patients exhibit motor deficits consistent with vestibular dysfunction, such as postural imbalance. New research by Dakin et al. [1] reported in this issue of Current Biology demonstrates that cerebellar patients exhibit not only motor deficits, but also deficits in their ability to perceive the direction of gravity.
To uncover these deficits, the researchers exposed patients to large visual scenes rotating about the line of sight. We have known for decades that such exposure to visual rotation leads to a perception of tilt, and that the amount of perceived tilt increases with the velocity of rotation [2] . This perceived tilt is thought to reflect a compromise between conflicting sensory signals. Vestibular signals indicate that the direction of gravity is unchanging and aligned with the body axis, while visual signals indicate that the body is rotating. Thus, when faced with a conflict, the brain settles on an intermediate solution rather than trusting only one system or the other.
However, the compromise that is reached depends on the signals that are available. For example, patients with complete vestibular loss are not anchored by the vestibular signal and are therefore subject to the perception of complete revolutions of the body when exposed to visual rotation [3] . This happens in spite of the fact that these patients have access to other sensory signals -somatosensory and proprioceptive -that provide information about the direction of gravity. For this reason, susceptibility to perception of tilt in response to visual rotation has been employed in clinical settings to measure the degree of visual versus vestibular dependence [4] . Patients with vestibular deficits can be identified as those that perceive greaterthan-average tilt in response to visual rotation. This is the method employed by Dakin et al. [1] in their new study. Three groups, young, elderly, and cerebellar patients, were exposed to visual rotation and simultaneously asked to set a visual bar to be aligned with gravity. Bar settings were significantly offset from upright in the direction opposite rotation in all three groups, but the offset, or bias, induced by visual rotation was greatest in patients. The authors interpret these findings within a modeling framework which hypothesizes that the most reliable sensory signals will have the most influence on the combined percept. Specifically, the finding that visual rotation has increased influence on cerebellar patients suggests that visual cues are more reliable than vestibular cues in these patients, where reliability is the reciprocal of noise or uncertainty of the signal.
This framework is known as maximum likelihood estimation (MLE), and it has previously been shown to explain cue combination in a variety of contexts, including perception of upright based on visual and vestibular cues [5, 6] even in patient populations [7] . An important feature of the MLE model is that the influence, or weight, given to different sources of information depends on the reliability of each source relative to the reliability of the other sources. Thus, Dakin et al. [1] interpret the increased weight given to visual cues in cerebellar patients to be a result of the decreased reliability (increased noise) of the vestibular signals.
The hypothesis that cerebellar deficits lead to increased vestibular noise fits with results of several other studies that have documented impaired vestibular perception in cerebellar patients [8] [9] [10] . There is, however, also evidence of impaired visual motion processing in cerebellar patients [11] and perceptual deficits more broadly, particularly in the temporal domain [12] . While the results of Dakin et al. [1] are certainly consistent with a generic increase in vestibular noise in cerebellar patients, other explanations are possible. To more fully explore the range of possible explanations, a more detailed model of visual-vestibular interactions would be helpful. In particular, it is necessary to account for the dynamics of visualvestibular interactions because vestibular processing is inherently dynamic, and these effects are observed in response to moving visual stimuli.
In Figure 1A , we depict a dynamic visual-vestibular model that has been recently proposed [13] . This model explicitly represents information from the otoliths, which signal gravity plus linear head motion, the semi-circular canals, which signal head rotation, and from the eyes, which also signal head rotation (left side). This dynamic model is in contrast with the static MLE model of Dakin et al. [1] which proposes a single vestibular estimate of gravity, incorporating both canal and otolith information, and a single visual estimate of gravity, which incorporates the dynamic visual rotation signal.
The model depicted in Figure 1A explicitly represents the dynamic, nonlinear computational problems that must be solved to generate reliable representations of self-motion and gravity which are useful for driving behavior [14] . Specifically, the otoliths of the vestibular system, which respond to gravity, also respond in an equivalent manner to linear accelerations of the head, a conundrum referred to as the tilttranslation ambiguity. In order to generate adaptive behavioral responses, the nervous system employs internal models of physical laws to estimate the direction of gravity from these ambiguous signals (gravity estimator in Figure 1A ) [15, 16] . As evident from the model, multiple internal feedback loops determine the model output -dynamic tilt perception (upper right). This model is supported by numerous theoretical and experimental studies [13] , and single-unit studies in rhesus monkeys have recently identified cerebellar neurons that represent several of the internal model estimates [17] .
We used a modified version of this dynamic model [13] to predict the results of the study by Dakin et al. [1] . For these simulations, model inputs ( Figure 1A , left side) were set as follows: the gravity input is stationary, the canals signal zero rotation, while the visual rotation input signals rotation at constant velocity. This visual rotation leads to a non-zero angular velocity estimate (lower pathway) that is combined with the otolith signal (vertical blue arrow to the 'gravity estimator' stage) leading to perceived tilt. To examine how visual and vestibular noise would affect perceived tilt, we can modify the weight given to the otoliths (w o ), canals (w c ) and visual rotation (w v ). Increasing the visual weight ( Figure 1B ) not only increased the amplitude of the perceived tilt, but also reduced the time constant.
When not only the visual weight was increased, but at the same time the otolith weight was decreased, which is in line with previous findings in cerebellar patients [8] [9] [10] , the time constant stayed roughly constant. With these parameter settings the simulated time course of perceived tilt resembled the experimental data astonishingly well (Figure 2 of Dakin et al. [1] ); perceived tilt builds up slowly in both patients and healthy subjects with about the same time constant. Based on these simulations, we suggest that measuring and modeling the dynamic aspects of vestibular perception could be extremely helpful in better understanding the role of cerebellar processing.
While the detailed mechanisms remain obscure, the findings of Dakin et al. [1] clearly demonstrate that the cerebellum has an important role to play in perceptual processing, not just motor control. A parsimonious explanation of broad effects of cerebellar degeneration on vestibular perception as well as vestibularly-driven motor responses is that the cerebellum plays a vital role in processing of vestibular signals at the earliest stages -before perceptual and motor pathways diverge.
This explanation is supported by clinical, anatomical, and physiological findings. The vestibular nuclei, which represent the first stage of central vestibular processing, are massively interconnected with several cerebellar regions, including the flocculus, nodulus, and uvula [18] . Malfunction of the cerebellar-dependent gravity estimator has recently been suggested to underlie certain eye movement disorders [19] . Furthermore, single-unit studies have identified neurons in the cerebellum that appear to represent the solutions to several of the computational problems outlined above [14] , as well as solutions to the problem of determining whether vestibular signals were actively generated or resulted from passive selfmotion [20] .
Given the range of problems that must be solved to interpret vestibular stimuli, along with anatomical and physiological evidence that the cerebellum is vital to solving these problems, it is reasonable to conclude that the cerebellum is integral to normal vestibular processing. The findings of Dakin et al. [1] are consistent with this supposition. Whether responses are motoric or perceptual, representations of gravity that underlie behavior appear to depend on cerebellar processing.
Coordinated behaviors are the hallmark of animal societies. General mechanisms for the emergence of social group dynamics are still unknown. New research suggests that a vocal feedback loop explains the appearance of coordinated vocal exchanges in large groups of meerkats. 
